¢ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2022.28880

273 (2022) 292-307
October

Removal of metoprolol by adsorption onto activated carbon prepared from a

food by-product

Djanet Belkharchouche, Naima Gherbi, Abdeslam-Hassen Meniai*

Laboratoire De L’'Ingénierie Des Procédés D’Environnement, Université de Constantine 3, Algeria, emails: meniai@yahoo.fr
(A.-H. Meniai), beldjanet@yahoo.fr (D. Belkharchouche), naima.gherbi@univ-constantine3.dz (N. Gherbi)

Received 12 March 2022; Accepted 20 August 2022

ABSTRACT

Two activated carbons were prepared by chemical impregnation of bean peels using phos-
phoric and sulphuric acids, respectively, and tested for the removal of metoprolol from water.
Retention capacities of 107.5 and 90 mg/g were achieved for phosphoric and sulphuric acids
activated carbons, respectively. These values were by far much higher than 2.98 mg/g, the reten-
tion capacity corresponding to raw been peels. The phosphoric acid activated carbon showed
the best retention of metoprolol and therefore it was considered to investigate the effects of
operating parameters like the adsorbent dosage, the initial concentration, the solution pH, the
ionic strength and the temperature. The adsorbent was characterized by pH_, thermograv-
imetric analyses, infrared spectrum and Brunauer-Emmett-Teller analysis. The results of batch
metoprolol adsorption onto phosphoric acid activated carbon showed that the optimal solid-
liquid ratio was 2 g/L for which the maximum adsorption capacity was 107.5 mg of metoprolol/g
of activated carbon, corresponding to a percentage retention efficiency of 98%. The kinetic data
showed relatively fast metoprolol sorption onto the phosphoric acid activated carbon, reaching
equilibrium in 5 min with initial concentrations lower than 150 mg/L. The results indicated that
the adsorption kinetics was well described by the pseudo-second-order model. The adsorption
data were best fitted by Langmuir adsorption isotherm model and were also used to calculate
thermodynamic parameters like Gibbs free energy, enthalpy and entropy variations.

Keywords: Adsorbent; Bean peels, Metoprolol; Activated carbon; Pharmaceutical pollutant; Adsorption
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1. Introduction

It is well established that the pharmaceutical industry
is one of the great sources of pollution of the environment,
where pharmaceutical compounds are detected with sig-
nificant concentrations in surface, subsurface and ground
waters, domestic and municipal wastewaters, industrial
effluents, etc. [1]. These pharmaceutical substances are
not biodegradable [2] and cannot be eliminated due to
their resistance to conventional wastewater treatments [3].
However, they may be discharged into the aquatic envi-
ronment and may even reach drinking water intakes [4].

* Corresponding author.

There are several physical and chemical techniques
to remove pharmaceuticals compounds from wastewa-
ters. Among these methods, adsorption has shown to be a
promising treatment technique, offering advantages such
as lower energy consumption and simpler operation condi-
tions in comparison to other tertiary treatments [5].

The adsorption of pharmaceuticals onto natural materi-
als, that is, soils [6], clays [7,8], hydrous oxides [9] and silica
[10] has been discussed in details in the literature. Therefore
in order to identify potential solid materials as efficient,
abundant and low cost adsorbents, the present study
focussed on the preparation of an activated carbon (AC)
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by chemical impregnation of bean peels (BP), using phos-
phoric (P) and sulphuric (S) acids, leading to bean peels
phosphoric acid and sulphuric acid activated carbons,
denoted BPPAC and BPSAC, respectively. The two adsor-
bents were tested to remove a pharmaceutical pollutant,
namely metoprolol, from wastewaters. However BPPAC
showed to be more efficient to remove metoprolol which is
widely consumed. For example in Germany the estimated
metoprolol consumption is between 100-250 tons/y [11].
It is used in moderate hypertension, serious conditions of
myocardial infarction, for preventing death of cardiovascu-
lar tissue, in angina, tachycardia, extra systole, and for sec-
ondary prophylaxis after a heart attack. The most common
synonyms are Lopressor, Betaloc, etc. [12].

In fact it is reported in the literature that metoprolol is
one of the most frequently analysed beta-blockers in bio-
logical and environmental samples with a mobility and
a frequent presence in surface waters at high concentra-
tions [13,14] where values outside the 10-100 mg/L range
makes it very harmful to aquatic organism [11,15].

Metoprolol may end up in the environment trough
excretion from patients taking the medication or disposal
of expired unused medication in the toilet, sink, landfill,
etc. Clearly these factors have mainly guided the choice
of metoprolol in the present study, although metopro-
lol metabolites such as alpha-hydroxy-metoprolol would
also be worth considering later.

Therefore the novelty of the present study is the use
and test of bean peels as adsorbent to eliminate, for the first
time, a pollutant like metoprolol which may have bad con-
sequences on the aquatic systems, if not taken in charge.
Activated carbon was prepared from bean peels, testing
phosphoric and sulphuric acids as chemical activating agents.

2. Materials and methods
2.1. Materials

* Bean peels were collected locally. In order to remove
any impurities, a first washing stage was carried out
followed by an exposure to sun drying. The dried
material was sieved to obtain particles of small sizes
which were again washed to remove any remaining
soluble substance and then dried at a temperature of
110°C for a sufficient time till a constant weight. Finally
the material was ground, sieved to obtain particles
of diameter less than 0.160 mm and kept in the des-
iccator, waiting for further use.
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Fig. 1. Metoprolol chemical structure [16].

¢ Phosphoric acid (85%) was supplied by Cheminova.

¢ Sulphuric acid (96%) purchased from Carlo Erba
Reagents.

¢ Metoprolol (C,H,NO,) was purchased from Sigma-
Aldrich. It is very soluble in water, freely soluble in
alcohol, chloroform, and dichloromethane, and slightly
soluble in acetone. The molecular structure and fur-
ther characteristics and are shown in Fig. 1 and Table 1,

respectively.

2.2. Methods
2.2.1. Fourier-transform infrared spectroscopy

Fourijer-transform infrared spectroscopy (FTIR) anal-
yses were performed to identify the chemical functions
of the solid support surface by means of a JASCO FT/IR
apparatus. The classical procedure was used and consisted
in well mixing solid samples with potassium bromide
at a weight ratio of 1:10. The obtention of scans was at a
resolution of 4 cm™, from 4,000 to 400 cm™.

222.pH

pzc

A JENWAY pH-meter type 3510 apparatus was used
in order to determine the pHPZC at the point of zero charge.
Any pH higher than the pHPZC corresponded to a negatively
charged adsorbent surface. The used pH_  determination
classical procedure was well described by Cherbi et al. [17].

2.2.3. Thermogravimetric analysis

The thermal degradation of the chemically treated
bean peels as well as a comparison with raw BP, were
examined by means of a thermogravimetric analysis using
STA 449 F3 Jupiter thermogravimetric analyser.

2.2.4. Activation procedure

Activated carbons were produced from natural BP
which is a cellulose-based material. In a previous study raw
BP showed a very high retention efficiency of Rhodamine
[17], contrary to the case of metoprolol where the reten-
tion was relatively low, hence the need of an activation
process. Thus the purpose of the present work was to
produce an activated carbon by chemical activation of BP,
with suitable reagents, hence avoiding the preliminary
stage of raw BP carbonization and leading to the produc-
tion of activated carbon characterized by a higher per-
formance and an enhanced development of the porous

Table 1
Physico-chemical and proprieties of metoprolol [11]

Physico-chemical propriety Value

Density (g/cm®) 1.0+0.1

Water solubility at 25°C (mg/L) 16,900

M (g/mol) 267.36

pKa 9.52

Toxicity (mg/kg) 3,090 <LD,, < 4,670
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structure [18]. A priori, the activation process of BP was
carried out by impregnation, testing the two considered
chemical agents (phosphoric acid and sulphuric acid). The
experimental procedures for activation with H,PO, and
H,SO, were described in details in the literature [19-22],
and briefly they are as follows:

® Phosphoric acid bean peels activation: dried raw BP
was impregnated with a weighted amount of H,PO,
in aqueous solution, at an impregnation ratio, defined
as the ratio of the weight of H,PO, (g) to that of the
precursor, of 200% (on weight basis). After drying at
110°C for 24 h, samples were then heated for 1 h at
450°C at a heating rate of 10°C/min. The residual phos-
phoric acid was eliminated from the activated carbons
by washing with distilled water until no phosphate
ions were detected in the water by a lead nitrate test.
After drying at 110°C for 24 h, the final material was
then grounded and sieved to obtain particles with
diameter < 0.16 mm [21];

* Sulphuric acid bean peels activation: similarly to the
phosphoric acid activation and still at an impregnation
ratio of 200%, dried raw BP was impregnated with sul-
phuric acid at ambient temperature and the resulting
mixture was heated up to 200°C, before being washed to
eliminate any residual acid [22].

It should be noted that once the results showed that
BPPAC was by far more efficient than BPSAC to retain
metoprolol, it was characterized according to the classical
procedure, involving thermogravimetric analyses (TGA),
infrared spectroscopy, pH measurement of the point of
zero charge (pPH,,) and Brunauer-Emmett-Teller (BET).

2.2.5. Adsorption procedure

The adsorption experiments were carried out batchwise
at ambient temperature of 20°C + 2°C by mixing various
amounts of the activated carbon in the range of (0.001-
0.05 g) in 100 mL of metoprolol solutions with concentra-
tions varying from 10 to 280 mg/L at various pH (2-12). The
mixture was continuously agitated at a speed of 200 rpm
and the resulting suspension was then centrifuged at
5,000 rpm during 10 min. The final solution of metoprolol
was analysed using UV/visible spectrophotometer (UV-1601
Shimadzu) set at a wavelength A__ 222 nm. The changes
of absorbance were determined at time intervals from 5
to 250 min, during the adsorption process. The adsorbed
metoprolol amount at equilibrium, g, (mg/g), was calculated
using the following equation:

C,-C
1, (mg] - M
g r

where C; and C, are the concentrations (mg/L) of metop-
rolol in solution before and after adsorption, respectively
and r (g/L) is the solid/liquid ratio of bean peels.

2.2.6. Desorption cycles of generation

Desorption experiments were performed with the
different considered solvents. All experiments were carried

out after saturation of the activated carbon with an initial
concentration of metoprolol of 250 mg/L and at the opti-
mal adsorbent dose of 2 g/L. The suspension was stirred
during 120 min then BPPAC was filtered and dried at
110°C for 24 h, ready for the next cycle of desorption.

2.2.7. Brunauer—Emmett-Teller

The prepared activated carbon was characterized by
physical adsorption of gases (N, at 77.35 K) according to
the known protocol, using a Quantachrome Instruments
Version 5.21 — Automated Gas Nitrogen adsorption.

3. Results and discussion
3.1. BET results

The N, isotherms adsorption shown in Fig. 2 are of
type V, typically characteristic of mesoporous solids under-
going capillary condensation and hysteresis during desorp-
tion [23], similarly to H,O isotherm on SBA-15 (mesoporous
silica material known as Santa Barbara Amorphous-15)
at 290 K [24].

The specific surface areas obtained for BP, BPSAC and
BPPAC were 0.422, 38.25 and 1,100.39 m?/g, respectively.
Clearly the activation process had improved the specific
surface area of the adsorbent, particularly for BPPAC by
a factor of 2,600.

For a comparison purpose, the specific surface area
obtained for BPPAC was close to 1,210; 925 and 1,112 m?/g,
values obtained for steam CFS36 activated carbon fibers
[25], activated coffee grounds CGAC180 [21] and com-
mercial activated carbon WG-12 obtained from special —
low ash — coking coal and a binder [18], respectively.

Due to the great specific area of BPPAC, there was
no need to consider further BPSAC in the rest of the study.

3.2.pH _measurement
pez

Fig. 3 shows an amphoteric character of BPPAC sur-
face where the charge changes with the pH value. For a
pH below and above 4, the surface was positively and
negatively charged, respectively.
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Fig. 2. Adsorption—desorption isotherms of nitrogen at 77 K on
BPPAC.
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3.3. FTIR spectroscopy analysis

In order to explore the surface characteristics of BPPAC
a Fourier-transform infrared (FTIR) analysis was performed
in the range of 450-4,000 cm™. Fig. 4 shows the FTIR spec-
tra of BPPAC. The peaks at major absorption bands were
observed at: 1,740 cm™ corresponding to (—C=0O) of ketones;
aldehydes or carboxylic groups [2]; 1,580 cm™ represent-
ing —-C=C- vibrations of aromatic cycles [21]; 1,050 cm™
reflecting asymmetric stretch of -C-O-C- [26]; 1,200 cm™
signifying functional group of =C-O-C. The band at
2,350 cm™ characterises -OH of carboxylic groups [21] and
3,750 cm™ of stretch vibration of bonded hydroxyl group
in the phenolic groups [27].

3.4. TGA analysis

Fig. 5 represents the thermal degradation of the chem-
ically treated bean peels as well as a comparison with raw
BP. Thermal degradation of BPPAC occurred at lower
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temperatures in comparison to raw bagasse, with just
only one similarity of a mass decrease in the first inter-
val of 20°C-120°C due to water evaporation [28]. Beyond
400°C, the second significant mass loss of BPPAC was due
to volatilisation of various hydrocarbons matter and carbon
oxides, caused by hydrolysis of the lignocellulosic material
in BP during H,PO, impregnation [29]. The third weight
loss at temperatures between 400°C and 800°C for BPPAC
was due to evaporation of polyphosphoric acids (H,PO,,
H,P,0, and H_P,O,)) which were formed through the con-
densation of the impregnated phosphoric acid by water
loss [28,30].

3.5. Scanning electron microscopy

Scanning electron microscopy (SEM) characteriza-
tion was obtained at a resolution using a particle size less
than 62 um. The results presented in Fig. 6 indicate that
the BPPAC had an heterogeneous porous nature with
pore sizes between 5-30 um. For a comparison purpose, these
were much larger than those created in BPSAC as shown in
Fig.7.

J/
10 < — BPPAC 110
o 105
/' 100 J
- & 95 1
o 90 J
P 85
T R ’ 80
e 7 75 3
:‘l_i // 70 4
o S 65
— - 3\, ]
‘- et S 60
= 55
B 50
. . 45
2 < / 40 J
& 35 J
s 30 4
2 ‘l} L] I T L] ] 25 _.
o 2 F [ 8 o 12 04—T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900
PH Temperature(°C)
Fig. 3. Plot of pPH,. of BPPAC. Fig. 5. TGA analysis of BPPAC.
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Fig. 4. IR spectra of BPPAC.
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3.6. Effect of the activating agent

The effect of this important parameter is shown in Fig. 8
where it can be noticed that the BP adsorption capacity of
metoprolol (2.98 mg/g) was very low when compared with
phosphoric acid activated carbon (BPPAC). The specific
surface area developed by phosphoric acid was larger, due
to large pore sizes at the surface as the activation by phos-
phoric acid promoted the formation of mesopores [21]. This
was confirmed by the work reported by Mirzaee et al. [31]
who similarly considered the preparation of an activated
carbon from an agriculture waste still by means of phos-
phoric acid as the activating agent and physical activation
to remove diclofenac from wastewaters, by adsorption.

Clearly Fig. 8 shows that the retention capacity by BPPAC
was greater than that obtained by BP and BPSAC. This was
similar to results shown by Jaafarzadeh et al. [32] who pro-
duced activated carbon from Milk-vetch (MV) waste with
an adsorption capacity of Bisphenol A higher than that
of commercial activated carbon.

WD: 9.97 mm
Det: SE

Fig. 6. SEM images of BPPAC.

WD: 9.73 mm

VEGA3 TESCAN

Fig. 7. SEM images of BPSAC.
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3.7. Effect of solid/liquid ratio on equilibrium adsorption
capacity and removal efficiency

In order to examine the influence of the solid/liquid
ratio on the adsorption capacity (g) and the percentage
of elimination (R%), the adsorbent dose was varied from
0.25 to 10 g/L, while maintaining the initial concentration
of metoprolol constant at 200 mg/L, as well as other oper-
ating parameters like contacting time, temperature and
agitation speed. Fig. 9 shows that the adsorbed amount of
metoprolol decreased from 182 to 24 mg/g with the increase
of solid/liquid ratio from 0.25 to 10 g/L. This might be due
to the decrease in the total sorption surface area available
to metoprolol [33] resulting from overlapping or aggrega-
tion of sorption sites [34]. The elimination percentage (R%)
increased with adsorbent dose from 16% to 98% and this was
due to surface sites of the adsorbent increase upon increas-
ing the adsorbent dosage. For an adsorbent dose above 2 g/L
of, there was no significant increase in the removal rate.
Regarding q, and R%, an adsorbent dose of 2 g/L showed

WD: 9.98 mm
Det: SE
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Fig. 8. Effect of the activating agent of BP on retention of
metoprolol.
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Fig. 9. Effect of adsorbent dose of BPPAC on equilibrium
adsorption capacity and removal efficiency of metoprolol.

to be the optimum value and was used for all further
experiments.

3.8. Effect of initial concentration on kinetics and
adsorbed quantity

To study the effect of the initial concentration of metop-
rolol on adsorption capacity by BPPAC, experiments were
carried out by varying the adsorbate concentration in the
range from 20 to 200 mg/L. The results shown in Fig. 10
indicate that the increase in the initial concentration from 20
to 200 mg/L led to an increase in adsorption capacity from
8.97 to 100 mg/g, respectively. This can be explained by
the fact that when the initial concentrations increased, the
mass transfer driving force became larger and the interac-
tions between metoprolol and BPPAC were enhanced [35],
hence resulting in higher adsorption capacity. This result
was commonly observed in adsorption of medical mole-
cules such as ketoprofen [36] or dye molecules for Crystal
violet (CV) [37,38]. It can also be observed that the initial
metoprolol concentration affected the equilibrium time.
The retentions were instantaneous for concentrations lower
than 100 mg/L; for 150 mg/L and for 200 mg/L equilibrium
was reached after 15 min. This was probably due to the
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Fig. 10. Effect of initial concentration on kinetics and adsorbed
quantity of metoprolol.
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saturation of the adsorption sites, as well as to the repul-
sive forces between the adsorbed and free molecules [39].

From Fig. 11 it is noted that the BPPAC was effective
through all the interval of the initial concentrations rang-
ing from 10 to 250 mg/L. The removal efficiency was greater
than 86% and reached its maximum value of 98% for an
initial concentration of 80 mg/L, in agreement with the
result reported by Singh et al. [22].

3.9. Effect of initial pH

To study the effect of initial pH of the solution on the
adsorption of metoprolol onto BPPAC, the experiments
were carried out at different pH values varying from 2 to
12. The results of Fig. 12 indicate that in an acidic medium
(2 < pH < 4) the adsorbed amount of metoprolol was not
affected by pH and remained constant in this interval at
78.38 mg/g. In the pH range between 4 and 10 an increase in
the adsorbed amount of metoprolol was noted from 78.38 to
a maximum of 94.548 mg/g at pH 10. This may be explained
by the electrostatic attraction forces induced between neg-
ative surface charges of BPPAC (pH > pH_, = 4) and posi-
tively charged groups of metoprolol (pH < pKa= 9.5). With
increasing pH (pH > pKa = 9.5) the removal of metopro-
lol decreased, probably due to repulsive forces between
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Fig. 12. Effect of initial pH of solution on the adsorption of
metoprolol.

negative surface charge of BPPAC (pH > pH = 4) and
negatively charged groups of metoprolol, confirming the
result obtained by Naghipour et al. [40].

3.10. Effect of sodium chloride

The influence of salt ionic strength on the adsorp-
tion capacity is important, since large amounts of salts are
commonly present in wastewater [41]. Effect of salinity on
adsorption of metoprolol was tested by using NaCl at dif-
ferent concentrations ranging from 60 to 1,000 mg/L. The
results of Fig. 13 show that the adsorbed amount of metop-
rolol decreased in presence of NaCl because an increase in
ionic strength leads to a decrease in electrical double layer
(EDL) thickness and an increase in the amount of indiffer-
ent ions approaching the BPPAC surface. Thus, the results
shown above can partly be attributed to an increased
competition between metoprolol and Na' ions for sur-
face sites with increasing the ionic strength [42]. Similar
results were reported using different adsorbents for the
removal of dyes and medical wastes [43].

3.11. Comparison of metoprolol retention onto different adsorbents

In order to assess the performance of BPPAC to elimi-
nate metoprolol, a comparison with results reported in the
literature concerning the same task but by means of dif-
ferent adsorbents, is shown in Table 2.

It is very clear that the removal rate percentage (98%)
achieved by BPPAC in the shortest time, was among the
highest and equal to that shown by another adsorbent
(Spirulina-based activated carbon [45]), hence confirming
the efficiency of the activated process adopted in the pres-
ent work, particularly the judicious choice of phosphoric
acid as the activated agent.

3.12. Kinetics study

Adsorption kinetics should be investigated in order to
illustrate how the solute uptake rate control the residence
time of the adsorbate at the solution interface and also to
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Fig. 13. Effect of sodium chloride (NaCl) on the adsorption of
metoprolol.

elucidate the mechanism of the adsorption process, which
is dependent on the physical and chemical characteristics
of the adsorbent and experimental system.

The capability of pseudo-first-order, pseudo-second-
order, modified Freundlich, Elovich, intraparticle diffusional
and film-diffusion models to represent the kinetics data,
was examined in this study for five different initial con-
centrations of metoprolol (20, 50,100 ,150 and 200 mg/L) at
constant temperature of 20°C.

¢ The linear form of pseudo-first-order model of Lagergren
is generally expressed as follows [23]:

In(q, -q,)=Ing, - Kt @

where K, (min™) is the pseudo-first-order adsorption kinet-
ics rate constant, g, the adsorption capacity at time ¢ and g,
the adsorption capacity at equilibrium. Slope and intercept
of In(g, — q,) vs. t give the values of K| and g, respectively.

¢ The pseudo-second-order model is given as follows
[46,47]:

P11
q Kqa

®)

where K, is the second-order adsorption kinetics rate con-
stant. Values of K, and equilibrium adsorption capacity
(g) were obtained from the intercept and slope of the
plots of t/q, vs. t, respectively according to Eqn. (3).

® Weber and Morris proposed a model to explain the
intraparticle diffusion during the adsorption process
[48] which is related to the transport of metoprolol
from its aqueous media to the pores of the adsorbent.
This is expressed as:

g, =K, t"+C )

where K, the intraparticle diffusion constant and C is a
constant related to layer thickness [48,49].
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Table 2
Comparison of BPPAC and other activated carbon efficiencies

Adsorbent Removal rate % Operating conditions Reference

Bean peel phosphoric acid 98 T=20°C; pH=9.5r=2g/L; CO=150 mg/L, t =5 min, This work

activated carbon d=0.16 mm

. 67.24+0.95 C0 =3 mg/L (10 mM H202), r=0.5 g/L, pH =3, t = 60 min. [44]
Sepiolite-supported nanoscale . .
. Case I: Absence of water anions and cations
zero-valent iron (SPT-nZVI) . .
55.16 +1.26 Case II: Presence of water anions and cations

Activated carbon prepared 89.2 T=25°C,pH=8.5,r=1.5g/L, t =60 min, and CO =50 mg/L [40]

from pine cones

Activated Spirulina-based 98 T=25°C,pH=59,r=025g/L, C0=1mg/L, t =20 min [45]

carbon material
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Fig. 14. Kinetics data plots for metoprolol retention on BPPAC: (a) pseudo-first-order model equation, (b) pseudo-second-order
model, (c) Elovich, (d) modified Freundlich, (e) film-diffusion, and (f) intraparticle diffusion models.
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e Modified Freundlich model: the linear form of this
model is given as [50]:

Ing, :ln(ka0)+%lnt ®)

where C, is the initial concentration (mg/L) of metoprolol,
kf is the apparent adsorption rate constant (L/g-min), and
m is the Kuo-Lotse constant. The values of k, and m were
used to evaluate the influence of the ionic strength on the
adsorption process. The values of m and k, were measured
from the slope and the intercept of Ing, vs. ¢ plot [51].

¢ Elovich model [52] is generally expressed as:

q,= (é]ln(aﬁ) + [;]Int (6)

where o is the initial adsorption rate (mg/g-min) and P is
the desorption constant (g/mg). A plot of g, vs. Int leads
to a linear relationship with slope (1/B) and intercept

1/B In(a-B).
* The film-diffusion model is expressed as:
In(1-F)=—k,t @)

where F = (q,/q,) and k,, is the liquid film-diffusion constant.
The adsorption process follows the film-diffusion mech-
anism when the plots of -In(1 — q/q) vs. t at different ini-
tial concentrations are linear or nonlinear but do not pass
through the origin [53].

Mass transfer from the bulk liquid to the solid sur-
face is assumed the slowest step. Moreover, mechanical

Table 3
Parameters of the kinetic models for metoprolol adsorption
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mixing with the rapid and constant stirring of the solution
eliminates the effect of transport [54].

By comparing the data presented in Table 3, the R? val-
ues for the pseudo-second-order model were higher than
those of the other models, suggesting that this model is the
best to represent kinetic data.

3.13. Isotherm analysis and modeling

Equilibrium adsorption isotherm is of fundamental
importance in the design of adsorption systems. In order
to define the type of isotherm, the amount of metopro-
lol adsorbed at equilibrium as a function of the concentra-
tion of the equilibrium solution for initial concentration
interval (10-300 mg/L), was plotted. All adsorption exper-
iments were carried out at three different temperatures
(20°C, 30°C and 50°C) using a batch technique at a fixed pH.

According to Charles and Hill classification, the curve
shown in Fig. 15 forms ‘L shape’ class (L2) [55], indicating

I —— -
B " -
80 - /.
P
2 60 -//
E’ N —=— T=20°C
— - ° e T=30°C
o S .
40 - u

20 —+

o 1'0 2'0 3'0 4'0 5'0 60
C_ (mg/L)

Fig. 15. Adsorption isotherm of metoprolol onto BPPAC at dif-
ferent temperature.

G, (mg/L) 20 50 100 150 200
Dexp (mg/g) 9.045589 24.4383 49.0624 72.5519 100

K 0.02878 7.2084 x 1073 0.0110 0.04548 0.023836
Pseudo-first-order model R? 0.33708 0.39801 0.467978 0.50249 0.36914

Docal 0.316984 2.525 x 10" 9.7493 x 102 1.4222 x 10% 5.9548 x 10%
Pseudo-second-order K, 1.47962 3.30024 5.33246 1.29962 5.67613
model R? 0.99991 1 1 1 1

Gon 9.02882 24.45579 49.09104 72.72712 100.10002

kf 0.38506 0.46314 0.47161 0.43274 0.47866
Modified Freundlich R? 0.8207 0.79197 0.87268 0.87627 0.78671

M 30.7881 90.4977 123.1527 44,4839 108.6956

B 3.5944 3.7870 2.5449 0.63922 1.10593
Elovich R? 0.81711 0.79605 0.87402 0.8842 0.78941

A 2.558 x 10" 3.122 x 10¥ 5.0736 x 10° 1.5128 x 10® 8.4315 x 10%

. . . k 0.04389 0.05151 0.05792 0.05986 0.05986

Film-diffusion fd B

R? 9.95.10° 0.85503 0.93904 0.35073 0.35073

K., 0.07114 0.06475 0.09905 0.39766 0.21883
Intraparticle diffusion C 8.18196 23.6658 47.89373 67.7215 97.50498

R? 0.63788 0.57142 0.66315 0.68211 0.55205
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that metoprolol molecules were probably adsorbed in flat
position due to low competition between the adsorbate and
solvent molecules [56,57]. It can also be observed that the
equilibrium adsorption capacity decreased with increas-
ing temperature (Fig. 15) from 20°C to 50°C. This was
mainly due to the decreased surface activity indicating
that the adsorption of metoprolol by BPPAC was exo-
thermic in nature [58]. The same behaviour was observed
for L-phenylalanine retention by ACK and ACZ [59],
and for Rhodamine B adsorption onto WO3/AC [60].

To describe the equilibrium adsorption systems, sorp-
tion data obtained with variations of metoprolol con-
centrations were treated using Langmuir, Freundlich,
Temkin, Dubinin—-Radushkevich, Elovich and BET iso-
therm models. These are expressed by the equations listed
in Table 3 along with their linear forms and the fitted
parameters shown in Tables 4 and 5, respectively.

¢ The Langmuir model [61] assumes uniform energies
of adsorption onto the surface and no transmigration
of adsorbate in the plane of the surface, where g, is the
amount adsorbed at equilibrium (mg/g) and C, is the
equilibrium concentration of solute in solution (mg/L)
and b is a constant related to the energy of adsorp-
tion (L/mg). The equation can be linearized to five
different linear forms as shown in Table 4.

Table 4
Isotherm models equation and their linear forms

In fact it should be noted that for the Langmuir models,
the use of the non-linear rather than the linear forms may
be preferable since the fitting errors are generally min-
imized. However the advantage of the latters is the fact
that they enable the calculation of the model constants easily.

e The Freundlich expression is an exponential equation
and therefore, indicates that as the adsorbate concen-
tration increases, the concentration of adsorbate on the
adsorbent surface also increases. Freundlich treatment
gives the parameters n indicative of bond energies
between metal ions and the adsorbent and k, (mg/g)
related to bond strength [62].

® Temkin equation which is a correction of Langmuir equa-
tion by introducing the influence of temperature on the
adsorption [63], assumes that the adsorption energy of
all molecules involves a uniform distribution of the
maximum binding energy, and further indicates that
the decrease in adsorption heat is linear rather than log-
arithmic [64], where b, is the Temkin constant, K, (L/g)
is the equilibrium bond constant, R (k]-mol/L-K) is the
universal gas constant and T (K) is the temperature.

¢ Dubinin-Radushkevich isotherm is generally applied
to describe the adsorption mechanism onto a hetero-
geneous surface by a Gaussian energy distribution [65]
where X’ (mg/g) is the theoretical isotherm saturation

Langmuir Type 1
Type 2
Type 3
_ Aube.
¢ 1+bc,
Type 4
Type 5
Freundlich q=kc"
Temkin q,= Eln(KTCL,)

Dubinin-Radushkevich

Elovich 2 _ K.C, exp[ 4 ]
T T
e
BET 7 - 0

1 1 11 1 1
- 7:f i
9, 4, bq,C, q, C,
S_LJFLCP g:f(ce)
q, bq, q, q,

_ 41 _ 7 4
q, b T, %—f[q]
q q
£ =—bq,+b =
C = hakba, c f(a.)
Loy Loy N

. . C, 9.

logg, = logK+llogCﬂ logg, = f(logCt,)
n

g, =BInKt+BInC, q, = f(InC,)
Ing, =InX/ —-K'¢? Ing, = (X))
€ qL’ e
In (qjg =InKg, - ) 1n(%:f(q")
C. :1+K—1[Ce} C. zf[q
qe(cﬂ_ce) 7K q,K|C q(CO—Ce) G
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Table 5
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Parameters of Langmuir, Freundlich and Dubinin—-Radushkevich isotherms

Models Parameters T=20°C T=30°C T=50°C
q,.=110.867 q..=106.926 q,. =95.444
q, 107.181 153.139 157.480
Langmuir 1 b 0.355 0.0673 0.0390
R? 0.993 0.9413 0.904
q, 113.122 133.511 114.285
Langmuir 2 b 0.2932 0.0887 0.0932
R? 0.998 0.982 0.995
q, 323.091 1,438.1 1,778.02
Langmuir 3 b 0.338 0.0917 0.0692
R? 0.9799 0.8065 0.9149
q, 109.96 146.07 127.34
Langmuir 4 b 0.3312 0.0739 0.0633
R? 0.9799 0.8065 0.9149
q, 107.627 160.70 120.26
Langmuir 5 b 0.352 0.0593 0.0776
R? 0.993 0.971 0.990
kf 36.4197 19.7016 20.4339
Freundlich n 3.1277 2.0942 2.5012
R? 0.9792 0.9127 0.9241
K’ (mol%/J?) -3.9099 —-34.0439 —-74.2008
Dubinin—Radushkevich q, (mg/g) 89.9667 98.8595 94.8218
R? 0.8689 0.9908 0.9848

capacity, K’ (mol?/kJ?) is the Dubinin—Radushkevich con-
stant, ¢ is the Polanyi potential, R is the gas constant
and T (K) is the absolute temperature.

¢ Elovich model is supported by a kinetic principle assum-
ing that the adsorption sites increase exponentially
with adsorption, which implies a multilayer adsorption
[66]. K, is the Elovich equilibrium constant (L/mg) and
g,, is the Elovich maximum adsorption capacity (mg/g).

e BET models assumed that a number of layers of adsor-
bate molecules form at the surface of adsorbent and
that the Langmuir equation is applied to each layer of
adsorption, with g, is the maximum adsorption capacity
(mg/g) and K is BET constant and C; the initial concen-
tration (mg/L).

Clearly from Fig. 15 the process shows a saturation pla-
teau behavior in favor of Langmuir models rather than a
multilayer adsorption process which is well described by
models like BET. Therefore there was not need to consider
this model further. Temkin and Elovich models showed
relatively determination coefficients, therefore they were
also discarded. The values of the different constants of each
retained model are shown in Table 5 and the isotherm plots
are presented in Fig. 16af.

By analyzing these results, it can be observed that the
second linear Langmuir equation exhibited the best fit of
experimental equilibrium data with high determination
coefficients (R? = 0.982-0.995) for the three temperatures,
suggesting a monolayer adsorption of metoprolol [39]. The
n values of Freundlich isotherm were higher than unity,

implying that the adsorption of metoprolol on BPPAC
was a favorable physical process for all temperatures [67].

3.14. Adsorption thermodynamic studies

To ascertain whether the adsorption process was endo-
thermic or exothermic, thermodynamic data such as free
energy change AG° (kJ/mol), enthalpy change AH° (kJ/
mol) and entropy change AS° (kJ/mol-K), were evaluated
with respect to the feasibility and spontaneous nature of
the adsorption process. They can be estimated by equilib-
rium constants changing with temperature as shown by
Egs. (8)-(11) [68,69]:

K=" (8)
AG°=-RTInK_, )
AG® = AH® —TAS® (10)
logk,, =25 __AH° (11)

T2303R  2.303RT

where K, is the equilibrium constant, C, is the equi-
librium concentration in solution (mg/L) and C,_ is the
amount of metoprolol adsorbed from the solution at
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equilibrium (mg/L), R is the universal gas constant (8.314 J/
molK), T is the absolute temperature (K). However the
approach proposed in this work may also be regarded
as valid and is confirmed by studies reported in the lit-
erature Fujiwara et al. [68].

The advantage of this approach is to preserve the fact
that K, is expressing a sort of solute partition between the
liquid solution and the solid adsorbent, since for a given
solid to liquid ratio () C,_is equal to (C, (mg/L) - C, (mg/L)),
with C, (mg/L) and C, (mg/L), the initial and the equilib-
rium concentrations, respectively, and may be regarded as
an equivalent way to express the concentration of adsor-
bate in adsorbent via Eq. (1). This also avoids the problem
of units, since K_, should be dimensionless.

The AG® values were calculated using Eq. (9) and the
values of AH® and AS° were determined from the slope and
the intercept of the plots of logK_, vs. 1/T shown in Fig. 17.

From the obtained thermodynamic parameters
described in Table 6, all AG® values were negative, indi-
cating that the adsorption of metoprolol onto BPPAC was
a spontaneous process and thermodynamically favour-
able. Negative AH® value suggests the exothermic nature
of adsorption while the negative value of AS° reveals a
decreasing randomness at the solid-solution interface
and the affinity of the BPPAC for metoprolol confirming a
physical adsorption [70]. AG® values were found between
1 and 10 KkJ/mol indicating that physisorption might

k)
X
o
o
-
_ o _— m 20 mg/L
06 - - " ® 40mg/lL
_— 80 mg/L
0,4 v 100 mg/L
_— 120 mg/L
. < 150 mg/L

024 —

T T T T T T T
0,00305 0,00310 0,00315 0,00320 0,00325 0,00330 0,00335 0,00340 0,00345

1/T

Fig. 17. Determination of thermodynamic parameters.

Table 6
Thermodynamic parameters of metoprolol adsorption

C, AS° AHP AG® (KJ/mol)

(mg/L)  (kJ/mol) (kJ/mol) 20°C  30°C 50°C
20 ~0.126  -4219 5509 -3519  -1.615
40 -0.118  —4206  -7.552 5559  -3.867
80 -0.124 4525  -9531 6614  -5555
100 -0.092  -3560  -8994 6734  —6.016
120 -0.069  -2.848 8407 -7.002  -6.502
150 -0035  -1745  -6016 6217  -6.039
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Fig. 18. Desorption of metoprolol from BPPAC.

dominate the metoprolol adsorption process [71]. Similar
results were reported in previous research works [72].

3.15. Desorption cycles of regeneration

Generally it is always important to examine the
desorption process to recover the pollutant from the
adsorbent. This did encourage the study of the regenera-
tion of metoprolol from BPPAC, testing different eluents
like HNO,, HCl, NaOH and distilled water. Fig. 18 shows
that HNO, was the optimum solvent and gave signifi-
cant results with a desorption rate of 61.34%, from the
first cycle but metoprolol adsorbed onto BPPAC might
not be completely removed and during the second cycle
removal efficiency decreased to 32.49%. According to the
obtained results, no interesting desorption was observed
in distilled water. However, in presence of NaOH and
HCI, desorption percentage of metoprolol was approxi-
mately the same. However the major inconvenient of nitric
acid is the fact that it is a strong oxidant and may affect
the stability both of the pollutant and of the regenerated
adsorbent. This point was not considered because the
main objective of the present study was to remove metop-
rolol from wastewaters, by adsorption and the stability
of the involved elements was not really of any interest.

4. Conclusion

Through this study, activated carbons were prepared
from raw bean peels using phosphoric and sulphuric acids
as the chemical activating agents. The obtained adsor-
bents were a priori assessed basing on the specific sur-
face areas using BET technique. Values of 0.422, 38.25 and
1,100.39 m?/g, for raw bean peels, phosphoric and sul-
phuric acids activated carbon, respectively, were obtained.
This confirms that the activation process had improved
the specific surface area of the raw bean peels by factors
of 2,600 and 91 when phosphoric and sulphuric acids were
used, respectively. The effects of various operating param-
eters like the solid-liquid ratio, the initial pH, initial con-
centration, the salt ionic strength, the activating agent,
were investigated. The obtained results showed that the
removal efficiency was greatly affected by the solution pH
and the electrolyte concentration. However an optimum
metoprolol removal rate of 98% was achieved at ambient
temperature.
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Different isotherm models were tested for the case of
metoprolol adsorption onto bean peels phosphoric acid acti-
vated carbon and the corresponding determination coef-
ficients showed that the best fit was obtained with
Langmuir isotherm model, indicating monolayer cover-
age of metoprolol on the adsorbent surface. Adsorption of
metoprolol was well described by pseudo-second-order
model. The thermodynamic analysis indicated that the
metoprolol adsorption onto phosphoric acid activated
carbon was physical, endothermic and a spontaneous
process. Desorption studies were carried out to explore the
feasibility of the regeneration of the used activated carbon
and it was found that up to 60% of the retained metopro-
lol was desorbed with 0.1 mol/L HNO, solution, although
this latter was a strong oxidant, able to induce stability
problems. Finally basing on the obtained results, the bean
peels phosphoric acid activated carbon was an adequate
and a performing adsorbent for the removal of metoprolol
from wastewaters generated by specific sources releasing
these kinds of beta-blocker compounds.
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